We examined electrophoretic variation at 33 presumptive protein-coding loci for seven populations of Peromyscus furvus to detennine population structure and test hypotheses of species boundaries. Protein electrophoresis revealed few fixed differences among populations and no diagnostic fixed alleles. Phenetic analysis of biochemical data support the hypothesis that P. junJUs is a single phylogenetic entity. Populations from Jalapa, Veracruz, Mexico, and Puerto de la Soledad, Oaxaca, Mexico, were the most divergent. Polymorphic characters were subjected to parsimony analyses using presence-absence and frequency coding. Parsimony analyses showed that populations formerly recognized as P. angustirostris, P. furvus, and P. latirostris were not monophyletic groups within P. furvus (sensu lata). However, a high degree of population subdivision was detected. Working within the framework of the phylogenetic species concept, we concluded that populations of P. furvus represent one monophyletic species.
m2, second primary fold prominent instead of almost absent in m3, and secondary fold absent in ml (Hall and Alvarez, 1961) . Compared with P. iatirostris, P. angustirostris has the following characteristics: upper parts mummy brown; sides cinnamon; smaller linear measurements, except for length of tail; nasals not expanded anteriorly; more rounded posterior margin of palate (Hall and Alvarez, 1961) .
Despite those purported differences, Musser (1964) detennined that morphological characters used to delimit P. angustirostris were due to individual, age, and seasonal differences and concluded that P. angustirostris was not distinct from P. furvus. Using a number of morphological characters, Hall (1968) determined the presence of intergrades between popUlations of all the three formerly recognized species and inferred incomplete reproductive isolation. As a result, Hall (1968) synonymized P. latirostris with P. furvus. Consequently, P. furvus currently is considered monotypic. The goal of this study was to test the hypothesis that P. furvus is a single, monophyletic spe- 2 (EI Potrero, Hidalgo). and 4 (Zacualpan, Veracruz) were fonnerly known as P. angustirostris; populations 3 (Huauchinango. Puebla), 6 (Jalapa, Veracruz), and 7 (Puerto de la Soledad. Oaxaca) constitute the historical range of P. furvus; population 5 (Xilitla, San Luis PotosO fonnerly was known as P. latirostris (e denotes collecting localities from which tissues were obtained).
cies, within the conceptual framework of the phylogenetic species concept (Cracraft, 1983) , using data derived from protein electrophoresis.
MATERJALS AND METHODS
Specimens were collected from seven localities spanning the entire range of P.furvus. Those included populations previously described as p, latirostris and P. angustirostris collected at or near their type localities (Fig. I ), Animals were examined from the following sites in Mexico: population 1, Hidalgo, 3 Ian E Tlanchinol (n = 9); population 2, Hidalgo. El Potrero, 10 Ian SW Tenango de Doria (n = 10); population 3, Puebla. Rancho El Pariso, 6 Ian SW Huauchinango (n = 11); population 4, Veracruz, La Colonia, 6.5 Ian W Zacualpan (n = 3); population 5, San Luis Potosi, Ejido Aguayo, 6.2 Ian N Xilitla (n = 13); population 6, Veracruz, Banderillas, 6 Ian NW Jalapa (n = 15); population 7, Oaxaca, Puerto de la Soledad, Municipio Teotitlan del Camino (n = IS). Collecting localities for taxa used as outgroups were P. mexican us, Veracruz, 10 Ian SE Zongolica (n = 2) and P. zarhynchus, Chiapas, 5 Ian SE Rayon (n = 3). Mice were captured in Sherman live traps and dissected in the field to obtain tissues for molecular studies. Heart, kidney, and liver were placed in cryogenic tubes and stored in liquid nitrogen, Later, tissues were transferred to an ultralow freezer and maintained at -SO°C. Voucher specimens were preserved and deposited in the Monte L. Bean Life Science Museum, Brigham Young University. Provo, Utah (BYU), and the Instituto de Biologia, Universidad Nacional Aut6noma de Mexico (CNMA), Mexico City.
Samples of heart and kidney tissues were homogenized separately from liver samples in an equal volume of grinding solution (0.01 M Tris! 0.03 M NaCIIO.OOl M EDTA. pH 6.8) and stored in an ultralow freezer. Variation at 33 loci was evaluated using horizontal starch-gel electrophoresis. General histochemical staining pro-tocols followed Selander et al. (1971) , Harris and Hopkinson (1976) , and Murphy et aL (1996) . For each locus, alleles were given alphabetic designations with 'a' set as the slowest migrating allele. Mobilities of enzymes were determined in separate side-by-side electrophoretic runs, and electromorphs of various loci were considered homologous if they exhibited the same mobility. Because accurate estimation of allelic variation can be complicated by hidden heterogeneity (Coyne, 1982) , we resolved variation using multiple buffers (Harris, 1997) .
Allozyme data were analyzed using BIOSYS-1 (Swofford and Selander, 1989) to detennine allelic frequencies, average number of alleles per locus, mean heterozygosity, and percentage of loci polymorphic. Allele frequencies were used to obtain matrices of pair-wise distance and identity coefficients, which included Rogers' (1972) distance and Cavalli-Sforza and Edwards' (1967) chord and arc distances. We used the unweighted pair-group method using arithmetic averages (upGMA) clustering algorithm to construct phenograms based on those distances. We measured population SUbdivision using Wright's (1965) F-statistics, and several populations were included or excluded during successive calculations of F-statistics to obtain an accurate estimate of how genetic variation was partitioned.
Phylogenetic analyses involved several approaches. Because fixed characters contain the most phylogenetic signal (Wiens, 1995) , we initially examined data for fixed differences among populations. In addition, several characters were polymorphic. Because use of polymorphic characters in a phylogenetic context is complicated (Buth, 1984) , it is common for researchers to exclude them altogether. However, Wiens (1995) and Wiens and Servedio (1997) showed that polymorphic characters contain useful phylogenetic infonnation and under most conditions, their inclusion can greatly improve accuracy. In our study, we used two methods for coding and analysis of polymorphic characters. In the first method, the locus was coded as the character and allelic combinations were assigned character states; that is, a particular state was created for each original combination of alleles present in a popUlation, which served as the terminal unit. Following assignment of codes to allelic combinations, we created a character matrix (Table  1) . For example, a code of 1 meant presence of only allele a; likewise, a code of g indicated presence of alleles a, b, c, and d.
Character states were treated as reticulate or unordered, meaning that all transformations were possible (as opposed to dictating a specific evolutionary pathway). A specific cost or distance was assigned to every possible transformation by estimating that each gain or loss of an allele was equal to one evolutionary step. Those costs were stored in a step matrix (Mabee and Humphries, 1993; Mardulyn and Pasteels, 1994) , which included all possible characterstate combinations because we assumed that character-state combinations not found in extant taxa may have been present in ancestral taxa. We used PAUP version 3.1 (Swofford, 1993) to reconstruct the distribution of ancestral states consistent with the most-parsimonious trees, based on the character matrix (Table 1 ) and distances stored in the step matrix. That method was advantageous because it retained homology information among character states and maintained an evolutionarily realistic definition of characters (Mardulyn and Pasteels, 1994) .
The other method we used involved frequency coding. Again, the locus was considered the character, but character states were represented by arrays of allele frequencies. Some authors object to the use of frequency data because changes in frequency do not represent evolutionary novelties (Campbell and Frost, 1993) . Others suggest that frequencies are not heritable and do not represent organismal traits (Mink. and Sites, 1996) . However, there is convincing evidence that frequency data provide infonnative characters for phylogenetic analysis. Swofford and Berlocher (1987) and Berlocher and Swofford (1997) argued that frequency data contain potentially useful infonnation that may be lost in presence-absence coding strategies. They also showed that frequency estimates are less sensitive to small-sample problems because minimal weight is given to polymorphisms occurring at low frequencies. Wiens (1995) compared perfonnance of six methods for parsimony analysis of polymorphic characters using morphological and allozyme data sets. Based on the following criteria, the frequency method always outperformed other methods: number of infonnative characters used; number of equally parsimonious trees generated; phylogenetic signal; bootstrapping; and sensitivity to reduced sample size. 
FREQPARS, a computer-based method (Swofford and Berlocher, 1987) , was used for parsimony analysis of frequency data. The program searched for trees that minimized total amount of change in allelic frequency as measured by the Manhattan metric. The major limitation of FREQPARS was its inadequate treesearching algorithm (Berlocher and Swofford, 1997; Swofford and Berlocher, 1987; Wiens, 1995) . However, we followed the method of Berlocher and Swofford (1997) , which effectively overcame that limitation. That new method calculated a matrix of Manhattan distances for each polymorphic locus between all pairs of taxa. That matrix was then used as a locus-ascharacter step matrix for parsimony analysis using the powerful tree-searching procedures available in PAU:?, We used the BI02FREQ option of FREQPARS to convert BIOSYS-l files Swofford) was used to convert FREQPARS files to PAUP files where step matrices were formatted and calculated automatically. We then conducted exhaustive searches using the step-matrix option in a manner similar to the one already described (Mabee and Humphries, 1993; Mardulyn and Pasteels, 1994) .
Because phylogenetic relationships of P. furvus relative to other species of Peromyscus have not been resolved (Carleton, 1989; Rogers and Engstrom, 1992) , we considered several taxa for use as possible outgroups. Because tissue samples from members of the P. furvlls species group (sensu Carleton, 1989) were unavailable, we used P. mexicanlts and P. zarhynchlls (members of the P. mexicanus species group) as outgroups. Use of those taxa was justified by his-torical placement of P. furvus within the P. mexicanus species group (Carleton, 1989; Huckaby, 1980) . In addition, phylogenetic analyses based on biochemical work revealed sister-taxon relationships among P. furvus and those outgroup taxa. In all parsimony analyses, support for internal nodes was evaluated using 1,000 bootstrap replicates (Felsenstein, 1985) , Under basic parsimony assumptions, bootstrap proportions >70% were considered adequate support (Hillis and Bull, 1993) , RESULTS Thirty-three presumptive protein-coding loci were resolved for individuals from the seven populations of P. furvus (Hams, 1997) , Nine (M-AAT, S-AAT, AK, CK, M-SOD, S-SOD, LDH-B, S-IDH, and PER) of the 33 loci were monomorphic for the same allele in all taxa. The remaining 24 loci were polymorphic in at least one population (Table 2 ). Mean number of alleles per locus of all populations was 1.4, percentage of loci polymorphic was 32.0, mean observed heterozygosity per locus was 0.03, and mean expected heterozygosity was 0.11 (Table 2) , A slight majority (55%) of polymorphic loci across all samples deviated from Hardy-Weinberg equilibrium due to a deficiency of heterozygotes (Table 2) .
Population structure was determined using Wright's (965) F-statistics. We grouped populations by different taxonomic levels (i.e., according to current and fonner boundaries of species) for calculations of F sr and F,s' The first level included only populations of P. furvus (sensu Allen and Chapman, 1897; populations 3, 6, and 7) and resulted in an FST of 0.40 and an F ls of 0.61. The second level included populations only from the range of P. angustirostris (populations 1,2, and 4) and resulted in FST ~ 0,23 and F" ~ 0,768, The third level lumped and compared populations according to the three formerly recognized species boundaries (populations 3, 6, 7 versus populations 1,2,4 versus population 5). At this level, FST = 0.20 and F,s = 0.796. When all seven populations, or those currently known as P. furvus, were compared, we calculated FST = 0.381 and F ls = 0.714.
Phenetic analyses based on UPGMA clustering algorithm resulted in groupings of species consistent with the hypothesis that P. furvus comprised a single genetic entity (Fig, 2) , Values of Rogers ' (1972) genetic distance among populations ranged from 0.07 between Huauchinango, Puebla (3), and Tlanchinol, Hidalgo (2), to a high of 0.20 between Jalapa, Veracruz (6), and Zacualpan, Veracruz (4; Table 3 ). Examination of allozyme data revealed few fixed differences among populations and no diagnostic fixed alleles. At the PEP-D locus, the population from Puerto de la Soledad, Oaxaca (7), was fixed for allele b, which was absent from samples from Xilitla, San Luis Potosi (5), Jalapa, Veracruz (6), Tlanchinol, Hidalgo (1), and Huauchinango, Puebla (3), but was present along with the a allele in samples from El Potrero (2) and Zacualpan (4; Table 2 ). The other difference occurred at the ALPDH locus where populations at Tlanchinol, Hidalgo 0), Xilitla, San Luis Potosi (5), Jalapa, Veracruz (6) and Puerto de la Soledad, Oaxaca (7), segregated for an allele (a) absent from samples from Huauchinango, Puebla (3), and Zacualpan, Veracruz (4). At the ALPDH locus, samples from Huauchinango, Puebla (3), were fixed for allele b, which was absent from populations at Tlanchinol, Hidalgo (1), Xilitla, San Luis Potosi (5), Jalapa, Veracruz (6), and Puerto de la Soledad, Oaxaca (7; Table 2), Cladistic analyses for the presence-absence coding method produced 14 mostparsimonious trees (length, 62; CI = 0.81). Bootstrap values based on 1,000 replicates did not exceed the 70% support criterion. When alternative outgroups were allowed to float with ingroup taxa, P. furvus (sensu lato) always was recovered as a monophyletic group. The tree topologies based on this parsimony analysis were consistent with the topology one would expect if P. furvus represented a single moiety. Constraining our data onto a tree topology that 1,2 , and 4) (populations 3, 6, and 7)))))] took five extra steps (tree length = 67). However, the nonparametric Wilcoxon signed-rank test (Larson, 1994; Sites et aI., 1996; Templeton, 1983) revealed that the 14 most-parsimonious trees were not significantly more parsimonious than the constraint tree. Exhaustive searches on the allelic frequency data resulted in a single most-parsimonious tree (Fig. 3) . Branch support based on 1,000 bootstrap replicates was not (2) Zacualpan (4) PfoTliUS Xilitla(Sj Puerto de la Soledad (7) Jalapa (6) P. mexicanus
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P. zahrynchus Peromyscus suggests that high levels of population subdivision and low levels of gene flow characterize populations of P. jurvus. For example, Calhoun and Greenbaum (1991) obtained an FST of 0.45 among populations of P. oreas and interpreted this as extremely high. Hogan et al. (1993) found an' FST of 0.37 among various subspecies of P. keeni and concluded there was extensive partitioning among populations.
The FST values in populations of P. furvus were similar to those of P. oreas and P. keeni, suggesting a high level of subdivision and low gene flow among populations of P. furvus. Considering the discontinuous and almost island-like nature of populations of P. furvus, our result is not surprising.
Extremely high FJs-values implicated inbreeding as the causal factor for the lack of heterozygotes and subsequent deviation from Hardy-Weinberg equilibrium (Table 2 ; Lidicker and McCollum, 1997) . Population subdivision, especially within P. furvus and P. angustirostris, probably resulted in a Wahlund effect, which accounts for the higher proportion of homozygotes. Another (Berlocher and Swofford, 1997; Swofford and Berlocher, 1987) . Peromyscus mexicanus and P. zarhynchus were used as outgroups. Bootstrap support based on 1,000 replicates is listed above branches.
reason for nonconformance with HardyWeinberg proportions could be the presence of homozygotes for rare alleles, which is the case within several populations of P. furvus. In general, heterozygosity was lower (Table 2) for populations of P. furvus than the majority of vertebrates (0.06%- Kilpatrick and Zimmerman, 1976) , but were comparable to values reported previously for other groups of Peromyscus (Calhoun and Greenbaum, 1991; Hogan et al., 1993) . Percentage of polymorphic loci generally was higher for P. furvus (Table 2) but within ranges of some previously reported populations of Peromyscus (A vise et aI., 1974; Kilpatrick and Zimmerman, 1975; Rogers and Engstrom, 1992; Smith et aI., 1973) .
Phylogenetic relationships.-According to Davis and Nixon (1992) , appropriate operational taxonomic units for phylogenetic analysis (phylogenetic species) are characterized by presences-absences of fixed differences. However, because we could not identify any diagnostic fixed alleles among populations of P. furvus, phylogenetic species were not identified and could not serve as terminal units for phylogenetic analysis. Therefore, we constructed intraspecific phylogenies, although problems exist when manipulating these data. For instance, populations typically have lower, rather than higher, levels of variation, resulting in fewer characters for phylogenetic analysis. Most higher-level analyses also assume that ancestors are extinct, but this may not be the case at the population level because genetic variants are created through mutation and their origin does not result in extinction of the ancestral type. Additionally, gene regions studied in populations can undergo recombination, which violates the assumption of strictly bifurcating trees (Crandall and Templeton, 1996) . Methods for reconstructing phylogenetic relationships that take into account these phenomena have been developed (Templeton, 1995; Templeton and Sing, 1993; Templeton et aI., 1992) . Unfortunately, these methods apply to DNA-sequence and restriction-site data. There is no phylogenetic method for phenotypic data such as electromorphs of allozymes that takes into account populationgenetic phenomena.
Despite the high degree of population subdivision revealed by F-statistics, phylogenetic analysis resulted in trees consistent with the hypothesis of a single distinct species. The unordered presence-absence analysis resulted in an unresolved strict-consensus tree. Although frequency analysis produced one resolved tree, several enigmatic and inexplicable sister-taxon relationships resulted (Fig. 3) . For example, none of the populations that come from specific species grouped together as clades.
Species concepts and species limits.-One of our objectives was to determine if species-level differentiation existed among populations [oanedy regarded as P. latirostris and P. angustirostris. These taxa were defined initially and delimited based on perceived differences in morphology. Over the years, numerous species concepts have been proposed (Endler, 1989) , but the biological-species concept has been applied to most mammal systematic questions (Engstrom et aI .• 1994; Patton and Smith, 1994) .
According to this concept, species are groups of actually or potentially interbreeding natural populations that are reproductively isolated from other such groups (Mayr, 1963) . The biological species concept has been widely criticized because it lacks sufficient phylogenetic perspective and could, therefore, be misleading in the study of evolutionary processes (A vise and Ball, 1990; Cracraft, 1983; de Queiroz and Donoghue, 1988; Donoghue, 1985; McKitrick and Zink, 1988; Wiley, 1978) . Attempts to improve perceived weaknesses of the biological species concept have led to the development of several additional species concepts, including the evolutionary species concept (Simpson, 1961) . Under this concept, Wiley (1978) defined a species as a single lineage of ancestor-descendant populations that maintains its identity from other lineages and has its own evolutionary tendencies or historical fate. The evolutionary species concept incorporates the historical perspective that the biological species concept lacks because it allows for maintenance of similarity through both gene flow and developmental constraints due to common ancestry. However, the evolutionary species concept is operationally problematic because it is too difficult to identify historical fate or evolutionary tendencies for groups of organisms.
To operationalize the evolutionary species concept, Cracraft (1983) developed the phylogenetic species concept, which describes a species as the smallest group of organisms diagnosable by a unique combination of character states, within which there is a parental pattern of ancestry and descent. Therefore, the phylogenetic species concept is a pattern-based concept that requires no assumptions about mechanisms and maintains the evolutionary species concept's idea of lineages. However, an overly strict application of the phylogenetic species concept may lead to recognition of small, temporarily isolated demes as species (Engstrom et al., , .1994 ). In addition, undersampling of attributes, individuals, and popUlations could lead to inappropriate delimitation of species. Despite practicality of the phylogenetic species concept compared with the evolutionary species concept, its implementation can be complex (Patton and Smith, 1994) .
Studies often are conducted in the absence of any conceptual framework for diagnosing species boundaries, which leads to delimitation of species in a post hoc fashion (Sites and Crandall, 1997) . To avoid such nonrigorous assignments of species boundaries, we worked within the conceptual framework of the phylogenetic species concept from the beginning of this study. Recently, the distinction has been made between character-based and history-based applications of the phylogenetic species concept (Baum and Donoghue, 1995) . Our approach to the phylogenetic species concept is a character-based approach because allozyme data we collected is not appropriate for a history-based approach, which requires DNA-sequence data and analysis of gene trees (Baum and Shaw, 1995) . Within the character-based approach, we used principles of genealogical concordance (A vise and Ball, 1990) to detennine status of species.
Genealogical concordance (A vise and Ball, 1990 ) is a more conservative method for identifying phylogenetic species because it does not require fixation of traits. Concordance is based on the idea that populations can be subdivided by evolution of reproductive barriers and multiple independent genetic traits will coalesce over time with these subdivisions. Recognition of a phylogenetic species, then, requires concordance among at least two independent characters. Delimitation of phylogenetic species based on these criteria led to rejection of the hypothesis that the P. furvus complex comprises more than one species; electrophoretic results did not identify two markers (fi~ed or unfixed) that displayed a pattern congruent with any degree of isolation. We do, however, recognize that many electrophoretically detectable loci may evolve too slowly to provide appropriate markers for recently separated populations. Therefore, if populations of P. furvus have diverged recently, some phylogenetic entities might be overlooked due to a lack of concordance.
Phenetic analyses (Fig. 2) based on genetic distances also supported the hypotheses of Hall (1968) and Musser (1964) that populations of P. furvus comprise one species. Genetic distances typified those observed among other populations of Peromyscus (Avise et al., 1974; Rogers and Engstrom, 1992; Smith et al., 1973) . Furthermore, genetic distances (Table 3) show that each of the formerly described taxa does not represent a genetically similar unit within P. furvus (sensu lata). For example, the lowest genetic-distance value (0.07) was between populations 1 and 3, formerly considered P. angustirostris and P. furvus, respectively. This makes sense geographically, because Huauchinango. Puebla (3). represents the northernmost locality for the historical range of P. furvus, bordering the former range of P. angustirostris. However. because the population at Huauchinango, Puebla (3). originally was assigned to P. jurvus, the three-species hypothesis predicts that this population should share more similarity with populations at Jalapa, Veracruz (6), and Puerto de la Soledad, Oaxaca (7).
Although genetic distances are not adequate for determining taxonomic status (Sullivan et al., 1997) , it is worth mentioning that comparison of populations 6 and 7 to all others (Table 3 ) resulted in the highest genetic distances (0.13-0.20), indicating that these are the most divergent populations. Geographically, this makes sense because populations from Jalapa, Veracruz (6), and Puerto de la Soledad, Oaxaca (7), at the southernmost part of the range of P. furvus appear to be the most isolated. This conflicts with Huckaby's (1980) conclusion (based on morphology) that populations of P. latirostris are most distinct. Also, it should be noted that geographic distance is greatest between populations 3, 6, and 7. If more populations were sampled between these localities, a more gradual cline in genetic distance might be observed.
Although we were unable to resolve phylogenetic relationships within P. furvus, our conclusion that P. furvus (sensu lato) is monophyletic may be relevant to the conservation of this species (Tagliaro et al., 1997) . P. furvus represents one of 146 species of manunals that are endemic to Mexico, a country in which 55% of the endemics are facing conservation problems (Valdez and Ceballos, 1997) . Until more data are gathered, P. jurvus should be considered a single management unit.
RESUMEN
Nosotros examinamos la variaci6n electroforetica de 33 presuntos loci geneticos en siete poblaciones de Peromyscus furvus para determinar la estructura de las poblaciones y probar hip6tesis de limites de especies. La electroforesis de protefnas revel6 pocas diferencias fijadas entre poblaciones y ningun alelo diagn6stico fijado. EI an;ij-ISIS fenetico de datos bioqufmicos apoya la hip6tesis de que P. furvus es una sola eotidad filogenetica. Las poblaciones de Jalapa, Veracruz, Mexico y Puerto de la Soledad, Oaxaca, Mexico son las mas divergentes. Los caracateres polim6rficos fueron sometidos a un amilisis de parsimonia usando codificaci6n de characteres como ausencia-presencia y como frecuencias. Los aoaIisis de parsimonia mostraron que las poblaciones anteriormente reconocidas como P. angustirostris, P. furvus y P. latirostris no son gropos monofil6ticos dentro de P. furvus (sensu lata). Sin embargo, un alto grado de subdivisi6n poblacional fue detectado. Trabajando dentro del marco del concepto filogenetico de especie, heroos concluido que las poblaciones de P. jurvus representan una especie monofil6tica.
